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Electrical conductivity of lithium at megabar pressures
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~Received 28 December 2001; published 23 April 2002!

We report measurements of the electrical conductivity of a liquid alkali metal—lithium—at pressures up to
1.8 Mbar and fourfold compression, achieved through shock compression experiments. We find that the results
are consistent with a departure of the electronic properties of lithium from the nearly free electron approxi-
mation at high pressures.
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At one atmosphere lithium is the archetype of a ‘‘simpl
metal, i.e., one in which the electronic valence states are
separated energetically from the tightly bound core state
has been known for a long time that its electronic proper
at these ambient conditions are well described within
nearly free electron picture,1 which is a cornerstone of th
theory of simple metals. While it has been generally assum
that increased pressure would only improve the accurac
this description, in recent years theoretical calculations s
gested that the opposite may be true.2 This has culminated
very recently with the striking prediction that lithium, lon
viewed as the simplest of all metals, exhibits at mega
pressures a paired ground state with a semiconductin
insulating character.3 The ensuing experimental work ha
provided results on the decrease of optical reflectivity up
compression,4,5 on the increase of the electrical resistivit6

with pressure up to 0.6 Mbar, and on the existence
symmetry-breaking structural transitions around 0.5 Mb7

all in broad agreement with this prediction. It is perha
worth noting that even before the nearly free electron mo
was proposed, Bridgman’s high pressure experimental w
showed that the resistivity of lithium increases with pressu
both in the solid and in the liquid.8 Here we report measure
ments of the electrical resistivity of lithium at pressures up
1.8 Mbar, achieved through shock compression experime
The results are consistent with a departure of the electr
properties of lithium from the nearly free electron appro
mation at high pressures, and with ionic pairing correlatio
in the megabar regime~1 Mbar 5 100 GPa!.

We measured the electrical resistance of high pu
99.995% lithium samples quasi-isentropically compres
starting from the solid with densityd050.531 g/cm3 at
room temperature andP051 bar. The quasi-isentropic com
pression was achieved through multiple reflections o
shock wave9 between two sapphire single crystals which e
capsulate the lithium sample. The initial shock wave w
generated by the impact of Al or Cu projectiles moving a
to 7 km/s onto the experimental cell~target! containing the
samples. The targets were specifically designed to create
maintain steady state conditions at the final pressure for t
durations exceeding 100 ns, during which the measurem
were taken.

Due to the extreme reactivity of lithium, the experimen
cells were assembled inside an Ar atmosphere glove box,
designed to be hermetically sealed after assembly. Pres
sample resistances were within 5% of the ideal room te
0163-1829/2002/65~19!/193104~4!/$20.00 65 1931
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perature values and were monitored continuously after
targets were removed from the controlled environment
ensure that the sample quality did not degrade. In orde
increase the electrical resistance and better control cur
flow, we used parallelipipedic samples with dimensio
length3width520 mm33 mm and thicknesses varyin
between 0.2 and 0.3 mm. The 10:1 and bigger aspect ra
used insured that lateral rarefaction effects were minima

The electrical resistance of the lithium samples was m
sured using a four probe technique, which virtually elim
nates the need for the contact resistance correction. The
trodes were gold-plated, oxygen-free Cu wires, inser
through the back sapphire anvil, see Fig. 1. The diameter
positioning of the outer electrodes were optimized in orde
provide uniform current injection into the lithium sampl
and to minimize the contact resistance and distortions of
pressure profile in the measurement region. The volt
probes—inner electrodes—were very thin and placed 3
mm apart as needed to maximize the sample resistance
the accuracy of the voltage measurements. Special atten
was given to the soldering process and shielding of the e

FIG. 1. Schematic representation of the experimental cell~not to
scale!. ~1! Al target body;~2! single-crystal sapphire shock anvils
~3! lithium sample;~4! polyethilene filler—provides the electrica
insulation around the sample;~5! Al or Cu foil matching the pro-
jectile material to provide screening of electrical discharges p
duced upon impact between the metallic flyer and the tar
~6! triggering pins; ~7! four Cu electrodes for the conductivit
measurements.
©2002 The American Physical Society04-1
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trodes in order to improve the signal-to-noise ratios. Trigg
ing of the data acquisition system was provided by time-
arrival shock sensors placed outside the sample spac
order to eliminate any interference with the measureme
The details of the electronic circuitry used in these exp
ments are similar with the ones described in Ref. 10.

The sample pressures at final, steady-state condit
were determined with 1% accuracy from the measured p
jectile velocity using the shock impedance matchi
technique.11 The time dependence of the pressure dur
compression was calculated using a one-dimensional hy
dynamic code in which the projectile and shock anvils w
modeled by Mie-Gruneisen equations of state~EOS!.12 The
EOS for the lithium sample was obtained by least-squa
fits of a ratio of polynomials to tabular data based on ext
sive shockwave and static compression experime
results.13 We note that all the conductivity results reported
this paper are in the liquid region of the phase diagram. T
densities and temperatures attained in the experiments r
approximately from 2 to 4 times the normal density, a
from 2000 to 7000 K.

In the experiment we monitored the voltage drop acr
the lithium sample as the pressure increased and a kn
constant current was passed through, see Fig. 2. The a
racy in the current and voltage measurements was hig
than 1 and 5 %, respectively. The lithium electrical resistiv
was determined from the sample resistance usingR5r
3 l /S, where the distancel between the voltage probes wa
measured to 0.1% precision. The cross section of the sam
S5w3th, was determined by the known widthw and cal-
culated thickness th, with a conservatively estimated pr
sion of 10% arising mainly from density uncertainties.

The measured electrical resistivity exhibits three main
gimes as a function of pressure, see Fig. 3. Up to appr
mately 1 Mbar and threefold compression the electrical c
ductivity of lithium decreases steeply from its 105(V cm)21

value at normal pressure to about 3.63103(V cm)21 at 1
Mbar, which is consistent with increased scattering of
charge carriers in the compressed material. This regim
followed by a much slower variation of the conductivity wi
pressure, which extends to.1.6 Mbar and almost fourfold
compression. At even higher pressures, although the e

FIG. 2. Example of a typical experimental trace. Measu
sample resistance~scale on left! vs time—continuous line; calcu
lated pressure~scale on right! vs time—dashed line.
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bars overlap, the electrical conductivity appears to dep
from the previous slow varying behavior.

In order to interpret the results we turn to the gene
framework provided by the electron-ion pseudopotential f
malism and the Ziman conductivity theory.14 The pseudopo-
tential concept takes into account the near cancellation of
Coulombic interaction between the valence electrons
ions inside the core, due to orthogonality and exclusion
fects. While generally nonlocal and energy dependent, in
most intuitive representation it is just a local potential.15 Un-
der the assumption of a weak pseudopotential the linear
sponse theory applied to the uniform electron gas yields
total energy of the system and defines effective ion-ion a
electron-ion interactions.16,17

The effective ion-ion pair potential is the sum of a dire
Coulombic interaction, and an indirect contribution due
the polarization of the electrons

F~r !5
Z2e2

r
1v ind~r !, ~1!

v ind~k!5x~k!uw~k!u2, ~2!

x~k!5
x0~k!

12
4pe2

k2
@12G~k!#x0~k!

, ~3!

and the screened electron-ion potential is

v~k!5
w~k!

e~k!
, ~4!

e~k!512
4pe2

k2
@12G~k!#x0~k!, ~5!

whereZ is the number of valence electrons per atom,x(k) is
the static response function,w(k) is the bare electron-ion
pseudopotential,x0(k) is the Lindhard polarizability,e(k) is
the static dielectric function, andG(k) is the local field fac-
tor of the electron gas, accounting for the exchange and
relation effects between the electrons.17

d

FIG. 3. Measured electrical conductivity of lithium as a functio
of pressure. Open symbols—data extracted from the final, ste
state conditions; crossed circles—data extracted from intermed
states. Note: 1 Mbar5100 GPa.
4-2
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The electrical resistivity follows from the assumption of
degenerate electron gas and weak electron-ion scatte
yielding the Ziman formula17–19

r5S m*

m D 2 a0\

e2

4p3Z

a0kF
E

0

1

v2~y!S~y!y3dy. ~6!

The deviations of the electronic density of states from
free electron values, due to the pseudopotential, are
counted for through the effective massm* ;20–22 S is the
liquid-structure factor,y5k/2kF , kF is the Fermi wave vec-
tor, anda0 is the Bohr radius.

As remarked in Ref. 3 the strongly nonlocal character
the pseudopotential generates significant deviations of
electronic structure from the free electron form at high d
sities, reflected in part in the decrease of the occupied ba
width, i.e., increase of the effective mass. We note that, un
suitable assumptions, Eq.~6! allows us to estimate the effec
tive massm* , by comparing with the measured experimen
results. For the sake of simplicity and to gain additional
sight ~see below!, we use the local empty core potential
Ashcroft,15 w(r )50 for r ,Rc and2Ze2/r aboveRc . How-
ever, we do not expect that the use of a nonlocal potentia
the calculation of the scattering integral will qualitative
alter the results.21 Values ofRc typical for lithium range from
1.06 a.u.~Ref. 18! to 1.44 a.u.,23 depending on the local field
correction employed. We use the homogeneous electron
local field factorG(k) determined by diffusion Monte Carlo
simulations,24 and find thatRc51.26 a.u. reproduces the ex
perimental values of the conductivity of liquid lithium clos
to its triple point25 with an effective mass only slightly big
ger than unity.21 We also note that the normal pressure effe
tive ion-ion potential so obtained compares favorably w
other potentials that have been used to model liq
lithium.23 The liquid-structure factorS(k) of liquid metals
has been usually assumed to be well reproduced by the h
sphere model with some appropriate packing fraction.16 Here
we determineS(k) numerically based on the effective ion
ion interaction F(r ), using the perturbative hypernette
chain equation~PHNC!.26 PHNC has been successfully a
plied to various model systems, including liquid metals27

and should be particularly appropriate at high densities.
note here that the temperature dependence of the scatt
integral is embedded inS(k). We calculate for example tha
a 20% increase in temperature yields a 4% decrease in
scattering integral at twofold compression, and only ab
2% at fourfold compression. This is due to the fact that
high densities the liquid structure is determined mainly
the ion-ion repulsions,28 whose role only increases with in
creased compression.

The results of the effective mass calculations based on
Ziman theory withRc51.26 a.u. are summarized in Fig.
We note that the initial steep decrease in conductivity w
pressure corresponds to an increase ofm* to values similar
with the ones found in Ref. 3, as lithium becomes less fr
electron-like upon compression. In this pressure range
reduction in conductivity is driven mostly by increased sc
tering due to decreased interatomic spacing, although
core electronic states appear to already come into pla
19310
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evidenced by changes in the effective mass. In the next
gime the slow variation of the conductivity, see Fig. 3,
accompanied by a decrease of the Ziman estimated effec
mass, Fig. 4. It is very likely in fact that the actual effectiv
mass22 increases monotonically under compression past
predicted pairing instability.3 This is the behavior observe
in LDA calculations of a dense lithium monolayer, which
believed to behave similarly with bulk lithium.29 We note
therefore that the slow variation of the conductivity, alo
with the decrease of the Ziman estimated effective ma
point to a shrinking ionic core, which balances the increa
in scattering due to increased density. In the final regime
the conductivity appears to drop, the effective mass increa
again. In the framework of an empty core model this su
gests that the exclusionary effects of the ions on the sca
ing of the valence electrons become dominant over the d
sity driven core decrease. To make these observations m
quantitative, we extrapolate the lower density effective m
to the high density value reported in Ref. 3, and determ
the core radiusRc that reproduces this trend—see inset
Fig. 4.

As discussed in Refs. 3,30 in connection to several al
metals, the importance of the core electronic states incre
at high pressures, and along with it the magnitude of
pseudopotential. As a result, in the solid, symmetry-break
distortions leading to ionic pairing may become energetica
favorable.3 In the liquid, a rising pseudopotential, i.e., a d
creasing effective ionic core, see Fig. 4, should also med
a strengthening of pairing correlations. Due to the stro
exclusionary effects of the ions on the valence electron
high densities, such correlations maximize in turn the spa
available for the electrons in the interstitial regions, aw
from the areas of strong core overlap in between the io
with beneficial effects on the energy. This exclusion of t
valence electrons by the ions seems to be consistent with
behavior of the conductivity at high compressions. Given
expected small effect of the temperature on the conducti
at high densities, the apparent conductivity drop and the

FIG. 4. Electronic effective mass as a function ofr s @r s

5(3/4pnea0
3)1/3, wherene is the valence electrons number densi

with one electron/atom;m is the electron mass#. Open circles—
estimated effective mass forRc51.26 a.u.; dashed line—
extrapolation of the lower pressures regime; triangle—effect
mass reported in Ref. 3. Inset shows the variation of the effec
core radius withr s along the dashed line. The units forRc and r s

are a.u.
4-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 193104
havior of the ionic core at the highest pressures could
interpreted as a decrease of the overall volume available
the electrons.

It may be interesting to see if the exclusionary effe
mentioned above, that lead to a very nonuniform distribut
of the valence electrons, translate into the analog of class
depletion forces,31 enhancing the ionic pairing correlations
a mixture, e.g., LiH. Higher temperatures would ultimate
destroy pairing correlations in the liquid. Estimates of t
temperatures required should be possible, but need to rel
more detailed calculations, that could be tested against
experimental results presented here.
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